The 2003 flood of the Muda River reached 1,340 m 3 /s at Ladang Victoria and adversely impacted 45,000 people in Malaysia. A flood control remediation plan proposed a levee height based on a 50-year discharge of 1,815 m 3 /s obtained from hydrologic models. This design discharge falls outside the 95% confidence intervals of the flood frequency analysis based on field measurements. In-stream sand and gravel mining operations also caused excessive river bed degradation, which largely off-sets apparent benefits for flood control.
Introduction
Southeast Asia has long experienced a monsoon climate with dry and wet seasons. With mean annual rainfall precipitation locally in excess of 5,000 mm, the very intense rainstorms in the steep mountains of Malaysia have caused frequent and devastating flash floods. In the valleys, floodwaters spread over very wide flood plains developed for agriculture, predominantly rice paddies and oil palm. For centuries, residents of Malaysia have built houses on stilts to cope with frequent floods, and longhouses were built along the main rivers.
Over the years, a large number of inhabitants have encroached into the flood plain, nowadays, many dwellings are built on the river banks ( Figure 1 ). More recent industrial developments and rapid urbanization foster lifestyle changes. With cars and housing closer to the ground, flood control is subject to drastic changes. Urbanization also exacerbates flooding problems due to the increased runoff from impervious areas. As a result, the sediment transporting capacity of rivers also increases, thus causing major perturbations to river equilibrium (Ab. Ghani et al.2003; Chang et al. 2005 ).
The Muda River in Malaysia experiences floods every year, and the floods of 1996, 1998 and 1999 were particularly high ( Table 1) 
Muda River Study Reach and Database
The Muda River drains mountainous areas of the State of Kedah and the topography of the region is shown in Figure 4 The study area has two typical monsoons; namely, the northeast monsoon and southwest monsoon. The northeast monsoon usually occurs from November to February. The southwest monsoon usually reaches the west coast of Peninsular Malaysia from the Indian Ocean and prevails over Peninsular Malaysia from May to August. In the transition period between the above two monsoons, westerly winds prevail from September to November and cause the heaviest annual rainfall precipitation in the study area. Thus, the study area tends to have two rainy seasons in a year: one from April to May, and another from September to November. The annual rainfall depth in the study area is about 2,000 to 3,000 mm, while the average air temperature is about 27 Celsius. Heavy annual rainfall in excess of 5,000 mm is 
Hydrologic Modeling
In Malaysia, the design of flood mitigation projects is based on the 50-year flood. As a precautionary measure, a free board is usually added to pass the 100-year flood. For the determination of the 50-year and 100-year floods, the Flood Control Remediation Plan (JPZ 2000) considered several hydrologic models. Figure 5 shows the delineation of four subwatersheds for the hydrologic modeling analysis, namely, the Nami, Sik-Ketil, Sedim, and the lower portion of the Muda River. There are four automatic rainfall stations shown in Victoria. The reason for these discrepancies is not obvious, but the analysis is based on only four rain gauges and this seems to be a limiting factor in the representation of spatial variability of rainfall precipitation on this large watershed.
The design flood hydrograph was estimated using the calibrated HEC-HMS model (USACE 
Flood Frequency Analysis
The Muda River benefited from a complete 44 year period of daily discharge measurements at Ladang Victoria. The annual peak discharges ranked in Table 1 Victoria was the highest discharge measured during the 44 year period, and reached a peak discharge of 1,340 m 3 /s. A flood frequency analysis was carried out (Table 5 ) and Figure 8 shows the Gumbel plot with 95% confidence intervals. The results are also summarized in Table 5 
River Modeling
The main channel of the Muda River has a length of about 180 km with a slope of 1/2,300 ( 
Proposed Mitigation Design of Flood Protection Works

Design Discharge and Levee Height
The proposed levee height (also called bund height by JPZ) was based on a 50-year average recurrence interval (ARI) design discharge of 1,815 m 3 /s plus freeboard. As a consequence, over 85% of the 41.2 km reach required a levee with height between 1.0 m and 5.5 m. Table   6 shows the comparison between the predicted water levels at a discharge of 1,815 m 
Lateral Migration and Floodplain Width
This section gives the results of additional river modeling of the Muda River based on the mobile boundary model FLUVIAL-12 (Chang 1988 (Chang , 1997 (Chang , 2006 . The analysis of the river sinuosity has been explored to avoid excessive lateral migration of the channel.
Most of the reach seems relatively stable and has a proven record to sustain large floods since 1996. However, two main areas have been identified and channel relocation should be considered at Lahar Tiang and Bumbong Lima where lateral migration is expected to be significant ( Figure 12 ). It is clear from the river model results that these two sharp bends are subject to large river bed deformations that could potentially lead to lateral migration and more serious structural instabilities of the river reaches. It is proposed to consider straightening these two river reaches in order to improve the conveyance of the river during floods.
The location of the levee proposed by JPZ (2000) is shown in Figure 13 . Its design considers the flood carrying capacity of a narrow flood plain corridor as well as the possible impact on the communities living in proximity of the river. The lower reach of the Muda River has sustained major floods in recent years without apparent major lateral shifting in its river 
Sand and Gravel Mining
The Muda River is also a major source of construction material (sand and gravel) for the region (JICA 1995 , Abdullah 2002 . The sediment size distribution curves for the main river channel between Sidam Kanan (CH 36) and Merdeka Bridge (CH 12) in Table 7 show that the mean sediment sizes d 50 are between 1.0 mm and 2.0 mm indicating the river bed is made up of very coarse sand. A study by JICA (1995) showed that total sand being excavated from the river at more than hundred mining locations is about 100 times larger than the total sediment yield of the river. As a result, the river bed had severely degraded throughout its length with many stretches of river banks also badly degraded. Figure 10 shows that the bed elevation can remain below sea level at a distance as far up as 40 km upstream of the mouth of the Muda River.
In terms of flood control, the effects of sand and gravel mining have been viewed quite favorably in that deeper cross sections allow rivers to stay in the main channel during floods and this effectively reduces the flooding frequency. However, there have been adverse impacts of lowering the river bed elevation. Lower river stages caused major difficulties supplying water to irrigation canals. Large pumping stations have been required to supply water at irrigation canal intakes. A c c e p t e d M a n u s c r i p t
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Bridge Piers and Bridge Crossings
Finally, bridge pier footings have been exposed as a result of the river bed degradation from sand and gravel mining operations on the Muda River. The main concern is at Ladang Victoria where the bridge pier footings have become exposed far above the water surface, as shown in Figure 14 . These bridge piers need retrofitting to ensure the structural stability of the bridges. At some locations, bridge abutments have also failed, which required emergency protection works with sheet piles and back filling. In other locations, woody debris has accumulated around and between the piles, which can exert significant undesirable forces on bridge piers during floods. Two types of structures can be considered as countermeasures: (1) grade control structures downstream of bridge crossings that would maintain the river bed elevation at an elevation higher than the bridge pier footings; or (2) (1) the analysis of measured daily discharge records can produce a more reliable 50-year peak discharge than hydrologic models, i.e. there is a 25% difference between the flood frequency analysis of field measurements (1,340 m 3 /s) and hydrologic model results (1,815 m 3 /s); (2) various hydrologic models in Table 4 can result in 100% variability in the prediction of peak discharges and design hydrographs; (3) Table 1 . Flood ranking of the Muda River at Ladang Victoria Table 2 . Weighted rainfall factors for hydrologic modeling Table 3 . Calibrated watershed parameters Table 4 . Design peak discharge comparison Table 5 . Flood frequency analysis at Ladang Victoria Table 6 . Comparison of flood levels using existing cross sections 
